Abstract-Ferromagnetic MEMS typically require etch holes to reduce the time required to release the micromechanical structure during the sacrificial-layer etch. However, the size and density of the etch holes strongly alters the coercivity of such perforated ferromagnetic films. In this study, varying the etch hole size from 100 m squares to 5 m squares and the etch hole spacing from 100 m to 5 m can nearly double the coercivity of electroplated Co-Ni-P films. A model for the dependence of coercivity on etch-hole size and density is presented that separates the contributions of surface and bulk pinning density and compares well with experimental results. In addition, the ratio of surface to bulk pinning density can be quantified with this experimental procedure and for our Co-Ni-P films is approximately equal to 2.
I. INTRODUCTION

M ICROELETROMECHANICAL Systems (MEMS)
and micromachining are powerful technologies for producing high-performance low-cost microsensors and microactuators [1] , [2] . In particular, ferromagnetic MEMS are capable of high-force long-range actuation that is useful in a variety of applications (e.g., optical switches, submersible actuators for biological analysis systems, etc.). A critical MEMS-specific fabrication step required to release micromechanical structures is the selectively removal of the sacrificial layer. Although this sacrificial-layer etch is at the heart of a MEMS micromachining process, it is typically desirable to minimize its duration so that all undesirable etching of other films or structures is reduced. To facilitate the release of a large-area micromechanical structure, so-called etch holes are typically formed in the micromechanical structure. Without any etch holes, the etchant used to remove the sacrificial layer must slowly undercut the large-area structure from only its perimeter, resulting in long release etch times. The use of etch holes allows the etchant to immediately access even the center Manuscript received October 13, 2000. This work was supported by a National Science Foundation Career Award (ECS9876285) and by a DARPA MTO Contract (DABT63-99-1-0020).
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of the large-area micromechanical structure. The result is that the time required to release a large-area microstructure is no longer a function of its area, but rather only the density of etch holes. Although etch holes typically have little or no effect on the performance of electrostatic MEMS, this is not the case with ferromagnetic MEMS. As is well known, the magnetization of ferromagnetic films typically breaks up into many tiny regions of uniform magnetization called magnetic domains. The arrangement of magnetic domains is a function of the applied field, and changes in the field result in a rearrangement of the domains by a process known as domain-wall motion. However, since the motion of domain walls is often impeded by the presence of defects or domain-wall pinning sites within the material and on its surface, it should not come as a surprise that etch holes can strongly modify this defect density and therefore the degree to which domain wall motion is hindered. Without the capacity to predict this behavior, it is very difficult to design and produce precise ferromagnetic MEMS. Despite the existence of many models for magnetic materials (e.g., Stoner-Wolhfarth model [3] , Jiles-Atherton model [4] , Globus model [5] , and Presiach model [6] ), none adequately take into account the microscopically perforated structure of interest here. The goal of this study is to examine the relationship between etch-hole geometry and spacing on the magnetic properties of the perforated film, particularly the coercivity. In this work we report on a theoretical model for the coercivity as a function of etch-hole geometry and density and compare it with experimental results.
II. THEORETICAL ANALYSIS AND FORMULATIONS
To describe the relationship between coercivity and etch hole geometry, a model is proposed as shown in Fig. 1 . The die size for the sample is by , and thickness is . The size of an etch hole is by and the space between holes is . It is well known that coercivity is directly related to the microstructure of the material and that microstructure is often characterized with defect density. If the contributions from the bulk material and the surface are separated, then the average pinning density can be divided into two parts, bulk material pinning density and surface pinning density .
From simple geometry, the average pinning density for a solid reference sample without etch holes can be written as (1) 0018-9464/01$10.00 © 2001 IEEE and the average pinning density for a solid sample perforated with a etch holes can be written as (2) By approximating as , (2) can be simplified and reduced further by recognizing the terms equivalent to (3) If we assume that the coercivity of the perforated sample is proportional to the pinning coefficient , as defined by the Jiles-Atherton model [4] , with average density of pinning sites , pinning energy of 180 domain walls , and the moment per unit volume , through a proportionality constant , then . This equation can then be expanded by using the average pinning density of the perforated sample given in (3) to yield (4) or (5) with coercivity of the unperforated sample . Equation (5) can be reduced further (6) by defining as (7) We can establish show the linear relationship between and if we rearrange (7)
III. EXPERIMENTAL PROCEDURES
The starting substrates were test-grade (100) silicon wafers. The first step in the microfabrication process is to deposit a conductive plating base or seed layer. We elected to deposit a 10 nm-thick film of Cr to promote adhesion and then a 500 nm-thick film of Cu to insure good conduction. To form the plating mold, a 3.5 m-thick film of STR4070 photoresist was photolithographically defined. In order to clear organic compounds and other materials from the areas to the plated, the wafers were cleaned in an oxygen plasma and dipped into a solution of HCl. At this point in the process, the ferromagnetic material Co-Ni-P was deposited by electroplating. The chemical composition of the Co-Ni-P plating solution was 0.2M NiCl , 0.206M CoCl , 0.7M NaCl, 0.4M H BO , 0.14M NaH PO and 0.0075M Na Saccharin. The pH was adjusted to 3 by the addition of HCl or NaOH. Sodium saccharin was added to the plating solution to reduce the intrinsic stress in the electrodeposit. Deposition was performed at room temperature with an unstirred solution and both Co and Ni were used as soluble anodes. The current density and total charge were set at 10 mA cm and 10 C cm , respectively. The finished samples were then inspected with both optical microscopy and scanning electronic microscopy (SEM). Finally, the wafers were diced into 1 cm samples and then the magnetic properties of each sample were measured using a vibrating sample magnetometer (VSM).
IV. RESULTS AND DISCUSSION
Our theoretical model for the coercivity of perforated samples, as a function of etch-hole size and density, (6) agrees well with our experimental results as shown in Fig. 2 . A subsequent set of samples were prepared using the same procedure but with higher resolution features (i.e., down to 5 m). Although the experimental results from this second set of samples exhibited a 1 + a =a) ).
greater amount of scatter, particularly at an etch-hole separation of 50 m, the fit is still quite good.
From (8) we can see that there is a linear relationship between and with a slope of and intersection with the axis of . Since the die size, , is normally much larger than both the film thickness, , and the size of etch holes, , the intersection with the axis can be simplified as by eliminating the terms. Based on the model parameter used in Fig. 3 and the geometry of the etch holes, the linear relationship between and is revealed in Fig. 4 , with a slope of 0.476 06 (about 0.5), which indicates that the ratio of to is about 0.5.
Kronmüller et al. [7] summarized the five pinning effects inside magnetic materials as being the following: a) Intrinsic fluctuations of exchange energies and local anisotropies, ; b) Clusters of chemical short-range-ordered regions, ; c) Volume pinning of domain walls by defect structures in magnetostrictive alloys, ; d) Surface irregularities, ; e) Relaxation effects due to local structural rearrangements. The first three terms a)-c) add quadratically due to their statistical origin, whereas adds linearly. The total coercive field can then be expressed as . The effect of surface roughness on the coercive field of Co Ni Fe Si B was studied by Beck and Kronmüller [8] , which lead to a very simple formula, , with denoting the contribution due to the bulk material. Indeed, this equation confirms the relationship between coercive force and the thickness shown in our model (1) and (2). More recently, Wan and Hadjipanayis [9] reported a similar relationship in Co Ni thin films based on experimental results, for Å and then nearly a constant for Å. The major factors affecting this behavior, are the domain wall pinning force, the -axis texture, and the domain wall structure that changes from Néel-wall to Bloch-wall with increasing thickness. The increase in surface effects and the density of grain boundaries as the thickness decreases lead to an enhanced domain wall pinning, hence higher coercivity.
V. CONCLUSIONS
The presence of etch holes in thin films of ferromagnetic materials (e.g., Co-Ni-P) can have a profound effect on its coercivity. Although etch holes play a vital role in MEMS fabrication, without accurate models for their impact on the magnetic properties it is not possible to accurately predict the performance of ferromagnetic MEMS. By separating the contributions of the surface and bulk defect densities on the pinning of domain walls, a new model has been developed that predicts the coercivity as a function of etch hole geometry and density. The model agrees well with experimental results for etch holes of dimensions ranging from 5 m squares to 100 m squares spaced 5 m to 100 m apart. From these results, it has been quantitatively determined that the surface defect density is approximately twice the bulk defect density and is a key parameter causing the increase in coercivity as a function of etch hole geometry and density. This experimental method of determining the ratio of surface to bulk pinning site density could be an effective way of characterizing ferromagnetic materials.
